A new cytoplasmic male sterile sunflower, CMS3 [44] , was characterised in relation to the Petiolaris (PET1) cytoplasmic male-sterile sunflower, CMS89 [25] . Southern blot analysis showed that the mitochondrial genome of CMS3 contains unique rearrangements in at least five loci (atp6, atp9, atpA, nadl + 5 and coxIII) compared to the PET1 sterile and the fertile cytoplasms. Transcripts of two (coxIII and atp6) of the five rearranged loci differed in CMS3 when compared to the corresponding loci in the PET1 and fertile cytoplasms. In organello protein synthesis experiments showed that the ca. 15 kDa mitochondrial polypeptide, characteristic of PET1, is not present in the CMS3 line. These data suggest that the molecular basis of male sterility in the CMS 3 line differs from that of the PET 1 cytoplasm. The nucleotide sequences of the coding and the immediate flanking regions of the coxIII and atp6 genes of CMS3 were compared to the corresponding regions from the fertile sunflower. In CMS3 the ORFBcox III locus is located immediately 3' to the atpA gene whereas in the fertile cytoplasm tlaese two loci are ca. 60 kb apart. This DNA rearrangement probably involved a 265 bp repeat which may be implicated in the DNA recombination associated with PET1 CMS. The atp6 gene in CMS3 contains a 5'-terminal extention which results in an extended ORF. The potential involvement of the rearrangements associated with the coxIII and atp6 loci in relation to the CMS phenotype is discussed.
Introduction
The mitochondrial (mt) genome of higher plants is viewed as a dynamic genetic system consisting of a heterogeneous population of molecules that interconvert via recombination involving pairs of direct and/or inverted repeats. The size and number of such repeats varies among species and
The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under the accession numbers X82386 (H. annuus mitochondrial coxIII gene (ANTI)), X82387 (H. annuus mitochondrial atp6 gene (HA89)) and X82388 (H. annuus mitochondrial atp6 gene (ANTI)).
correlate with the complexity of the genome structure [27, 33] . Evidence for nonhomologous recombination has also been obtained in plant mtDNA with the finding of chloroplast DNA sequences integrated in the mitochondrial genome [45, 46] .
Recombination plays an important role in introducing genetic diversity by generating mutants with altered mitochondrial genomes. One class of mitochondrial mutants is exemplified by cytoplasmic male sterility (CMS), a maternally inherited trait which affects pollen development. In the T-cytoplasm of maize intra-and intermolecular recombination events involving coding and noncoding regions have resulted in the formation of a novel chimeric gene (urf13), the protein product of which appears to be causally related to the CMS phenotype [8] . Recombination events involving the mitochondrial at6, at9 and coxH genes have created chimeric sequences in the C male sterile cytoplasm of maize, which are also thought to be involved in the expression of the sterile phenotype [10] . The chimeric petunia gene pcf associated with CMS is also the result of mitochondrial genome rearrangements and contains part of the coding region of atp9, coxH and an unidentified reading frame termed urf-S [49] .
In sunflower, CMS was first described by Leclercq [25] in the progeny of a cross between Helianthus petiolaris and Helianthus annuus. This type of male sterility known as PET1 CMS is the only one used commercially in hybrid sunflower seed production. In PET1 CMS the sterile phenotype is also associated with a rearrangement in the mitochondrial genome. The modified region of the mitochondrial genome is flanked by the atpA and cob genes and it has been suggested that a 265 bp repeat located at the 3' end of the atpA gene and elsewhere in the genome may be involved in an inversion/insertion event leading to this genome rearrangement [22, 23, 41] . Due to this rearrangement downstream of the atpA gene, a new open reading frame ORF522 has been created which is co-transcribed with the atpA gene [22, 23] . A 15 kDa protein synthesised in mitochondria from the PET1 cytoplasm has been shown to be the translation product of ORF522 and may be responsible for the PET1 CMS phenotype [30] .
It is important to increase the cytoplasmic genetic diversity in sunflower, by identifying and characterising new types of CMS, in order to reduce the dependence on a single cytoplasm and the associated risk of genetic vulnerability. Furthermore, characterisation of new types of CMS at the molecular level should allow a better understanding of the nuclear-mitochondrial interactions during plant development and particularly during microsporogenesis. We have initiated a molecular analysis of independently selected CMS lines, obtained either by specific crosses between different Helianthus species or by mutagenesis [44] . The molecular characteristics of three independent CMS lines appeared to be identical to PET1 CMS (Spassova et al., in preparation) . However, one of the genotypes investigated, obtained from an open pollination of Helianthus annuus ssp. texanus [48] and design a t e d CMS3 showed a different mitochondrial genome organisation distinguishing this line from the parental fertile and the other CMS lines studied to date [44] . In the present article we report a detailed molecular analysis of the structure and expression of the mitochondrial genome of CM S 3 in order to try and identify the genetic loci which cause male sterility.
Materials and methods

Plant material
Sunflower lines HA89 (fertile line) and CMS89 (CMS sterile line) are isonuclear lines containing the nuclear genotype of Helianthus annuus. The fertile line HA89 contains the cytoplasm from H. annuus and the sterile line CMS89 contains the cytoplasm from H. petiolaris and represents the PET1 CMS cytoplasm [26] which was used as a reference to study the new CMS3 line [44] . 
Mitochondrial gene probes
The origins of the plant mtDNA sequences used as probes in hybridisation analysis are presented in Table 1 .
Isolation of nucleic acids
Mitochondrial DNA and RNA were isolated from 10-day-old dark-grown sunflower seedlings. DNA was extracted as described by KOhler et al. [22] and RNA isolated according to the procedure of Stern and Newton [47] , except that sucrose gradients were not used for the purification of mitochondria.
Southern and northern blot analysis
Mitochondrial DNAs digested with restriction endonucleases were separated by agarose gel electrophoresis and transferred to nylon membrane (Hybond N +, Amersham) by vacuum blotting (LKB) according to the manufacturer's instructions. Mitochondrial RNA was fractionated by electrophoresis in a 1.3~o (w/v) agarose gel containing 0.6 M formaldehyde and blotted to Hybond N + filters in the presence of 20 x SSC. Mitochondrial DNA probes were labelled with [32p]dCTP by random priming and hybridisations performed under the conditions described by Spassova et al. [44] .
DNA sequence analysis
Cloning was carried out using vector pUC 119 and Escheriehia coli strain JM 101. Ligation and transformation procedures were as outlined in Sambrook et al. [36] . DNA sequences were determined using a Taq Dye Primer Cycle Sequencing Kit (Applied Biosystems) and an automatic DNA sequenator (Applied Biosystems model 373A). Database searches were performed with FASTA [34] .
In organello protein synthesis
Mitochondria were isolated and purified on sucrose gradient according to Leaver et al. [24] from 4-day-old dark-grown seedlings. In organello protein synthesis was achieved by incorporation of [35S]methionine into mitochondrial proteins following the method described by Leaver et al. [24] . Radiolabelled polypeptides were separated by electrophoresis on a 12-20~o (w/v) SDSacrylamide gradient gel which was dried and autoradiographed.
Results
Mitochondrial genome organisation
To identify regions of the mitochondrial genome in the CMS3 sunflower line that are potentially rearranged with respect to the fertile and PET1 CMS genomes, Southern blot analyses were carried out with a range of mitochondrial-specific gene probes. We have previously shown that an atpA-specific probe distinguished CM S 3 from the fertile and PET1 CMS cytoplasms implying a rearrangement in the vicinity of the atpA gene is characteristic of CMS3 [41] . In order to further characterise genomic rearrangements associated with CMS3 sunflower, the investigation was expanded to include 14 additional mitochondrial genes widely distributed over the sunflower mitochondrial genome as hybridisation probes (Table 1 ). Only five of the gene probes atp6, atpg, atpA, had1 + 5 and coxIII showed differences in the restriction fragments to which they hybridised suggesting that the genomic environments of the five genes differ in CMS3 compared to the fertile and the PET1 CMS cytoplasm (Fig. 1A) . Hybridisation with ORF873 and ORF522 probes [22] revealed that these ORFs located downstream of the atpA gene in fertile and PET1 CMS sunflower respectively are not present in the CMS3 mitochondrial genome. Interestingly the atpA and coxIII probes hybridised to the same Hind III and Bgl I fragments in the CMS3 line (data not shown), suggesting that due to recombination both genes are located close to each other in the CMS3 mitochondrial genome. the other rearranged loci in CMS3 only the transcripts of the atp6 and coxIII genes differ from the fertile and PET1 CMS lines. The atp6 probe hybridises to a 1.4 kb transcript in the fertile and PET1 CMS lines and to a larger transcript of 1.6 kb in the CMS3 line (Fig. 1B) . The coxIII probe detects a transcript of 2.8 kb in the fertile and PET 1 CM S lines and a diffuse transcript of about 3.1 kb in CMS3. When the same blot was reprobed with other mitochondrial genes discrete bands were obtained, indicating that the diffuse band is not the result of general RNA degradation.
Comparisons of mitochondrial gene transcripts in mitochondria from fertile and sterile cytoplasms
The effect of mitochondrial genome rearrangements on transcription of individual genes was investigated by northern blot analysis of seedling RNA using the same mitochondrial gene probes as above. Transcript size and abundance of most of the genes investigated were similar in fertile and both CMS cytoplasms. The transcription pattern of the atpA gene in CMS3 is identical to the pattern in the fertile sunflower line where two major transcripts of ca. 2.3 and 2 kb were detected. The ca. 3 kb atpA-ORF522 chimaeric transcript specific to PET1 CMS is absent from the CMS3 and the fertile lines (Fig. 1B) . Among 
In organello protein synthesis by mitochondria from (,xterile and fertile cytoplasms
Analysis of the products of in organello protein synthesis by mitochondria isolated from seedlings of fertile, PET1 CMS and CMS3 lines revealed specific variations in mitochondrial translation products of the CMS3 cytoplasm. Mitochondria from CMS3 clearly do not synthesise the 15 kDa protein characteristic of the PET1 CMS. However, three other weakly labelled polypeptides with molecular masses of ca. 14, 18 and 38 kDa appeared to be specific to the CMS3 line and are not synthesised in mitochondria from either the fertile or the PET1 CMS lines (Fig. 2 ).
Cloning and sequencing of the coxIII region of the mitochondrial genome
In order to further characterise those regions of the CMS3 mitochondrial genome which are rearranged and show different expression than the fertile and PET1 CMS lines, the entire nucleotide sequence of the coding and immediate flanking regions of the coxlII and atp6 genes in CMS3 was determined and compared with corresponding regions in the fertile line. A 7 kb Hind III restriction fragment from the CMS3 mitochondrial genome, carrying both the atpA and the coxlII gene was cloned and sequenced. The sequence data show that the recombination events which gave rise to the CMS3 cytoplasm brought together the atpA and coxlII loci (Fig. 3A) . . Schematic representation of the novel mitochondrial genome organisation of the atpA-coxlII region in CMS3 and its possible origins. As a result of rearrangement in the mitochondrial genome which led to the creation of CMS3, the atpA and coxIII loci are closely linked, in comparison to the fertile and PET1 CMS where they are at least 60 kb apart from each other [41] . Such a rearrangement probably involved the 265 bp repeats which are present elsewhere in the mitochondrial genome [23 ] . B (next page). Nucleotide sequence of the atpA-coxIII region in the CMS3 mitochondrial genome. The sequence shown covers the end of the atpA gene, the 265 bp repeat, ORFB, the coxIII gene and its 3'-untranslated region. Sequence comparison shows a complete conservation of the atpA gene and of the 265 bp repeat between CMS3 and the fertile genome. In the CMS3 line the DNA sequence continues with 99% identity to the ORF B-eoxIII locus of the fertile sunflower. Open reading frames are boxed with a plain line and the 265 bp repeat is boxed with a dashed line. The nucleotide substitutions are underlined, the nucleotide insertions are boxed. The extension of the coxIII ORF by 7 amino acid residues is indicated by a dashed line. The 417 nt chloroplast DNA insertion located 3' to the coxIII gene which is also present in the fertile mitochondrial genome is indicated. 
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TAGGT CC CC-C GC~ATC TGCTG C T C~C C~ AACCC A-1848 ************************************************* ORF873 present in the fertile line. This 265 bp repeat is also present elsewhere in the fertile gehome and includes the 5' region of the ORFB which also shares the first 57 bp with ORF522 in the PET1 CMS genome [23] . ORFB, which has been shown to be cotranscribed with coxIII in the fertile line [35] , has an unknown function but is conserved in other plant mitochondrial genomes. Interestingly, in the mitochondrial genome of CMS3, the coxIII locus is located immediately downstream of the atpA gene (Fig. 3) suggesting that the 265 bp repeat may have been involved in generating this novel rearrangement. According to Siculella and Palmer, the atpA and coxIII genes are at least 60 kb apart from each other in the fertile and PET1 CMS sunflower mitochondrial genomes [41] . Homology between the sequenced atpA-coxIII region in CMS3 and the corresponding regions of the fertile genome are almost 99%. The small number of sequence differences between the two lines were located immediately 3' to the coxIII stop codon. These include single nucleotide substitutions and a few nucleotide insertions/deletions (Fig. 3B) . Substitution of the nucleotide A at position 2719 (Fig. 3B) in the fertile sunflower with the nucleotide C in the CM S 3 line results in elimination of the stop codon of the coxIII gene and leads to an extension of the predicted coding region of coxIII in CMS3 by seven amino acids. A 417 nt chloroplast DNA insertion is present in the mitochondrial genome of both the fertile and CMS3 lines 3' to the coxIII gene [4] . ORFB in the mitochondrial genome of CMS3 is co-transcribed with the coxIII gene as in the fertile sunflower, but the ORFB-coxIII transcript in CMS3 is larger than in the fertile line (Fig. 1B) . It is about 3.1 kb in size and exhibits a diffuse hybridisation pattern, indicating either transcript instability or multiple 5' or 3' ends.
Cloning and sequencing of the atp6 region of the CMS3 mitochondrial genome
The atp6 loci of the fertile HA89 and CMS3 mtDNAs were cloned as 3.8 kb Eco RI and 3.0 kb Bam HI fragments respectively and the DNA sequences were determined. The sequences were aligned and are shown in Fig. 4 . The atp6 open reading frame in the fertile line, identified on the basis ofnucleotide and amino acid sequence similarities with the atp6 genes from other plant species, potentially encodes a protein of 301 amino acids ( show no similarity in the nucleotide or predicted amino acid sequences (Fig. 5) .
Discussion
There is now strong evidence that CMS in maize (CMS-T cytoplasm), petunia and sunflower (PET1 CMS cytoplasm) is caused by the expression of single chimaeric genes, created as a result of aberrant recombination events [9, 30, 32] . However, in some cases such as CMS-C in maize [10] and CMS in carrot [37] , rearrangements of several mtDNA regions have been associated with the CMS phenotype without direct proof of a causal relationship. In this paper, we report the molecular characterisation of a new type of CMS in sunflower. Southern blot analysis using 14 mitochondrial gene probes showed that the genomic environment around at least five mitochondrial loci has been altered in the newly identified CM S 3 sunflower line (Fig. 1A) . The number of rearrangements in the mitochondrial genome of the CMS3 line makes it difficult to establish a direct causal relationship between the gene(s) involved and the male sterile phenotype, since five loci were identified as potential candidates. An analysis of mitochondrial transcript patterns showed that among all five loci showing rearrangements in CMS3, only the transcripts of the atp6 and coxIII loci differ from the fertile line (Fig. 1B) . However, since our studies were carried out with RNA isolated from seedlings, changes in gene expression during anther development would not have been detected [43] . In organello protein synthesis by isolated mitochondria has shown that the novel 15 kDa polypeptide encoded by ORF522 in PET1 CMS line and associated with the CMS phenotype [ 17, 23] , is absent in CMS3 (Fig. 2) . This provides additional evidence that the molecular basis of male sterility in CMS3 is different from that in PET1 CMS. In order to further characterise the alterations in transcription and translation patterns in the CMS3 line, the unique mtDNA rearrangements associated with the coxIII and atp6 loci were characterised.
The nucleotide sequence of the closely linked atpA and coxIII regions in CMS3 showed a high level of similarity with the corresponding, but widely separated, regions of the atpA gene and the coxIII gene in fertile and PET1 sterile sunflower (Fig. 3B) [41] . Since there is a 265 bp repeat at the 3' end of the atpA gene and at the 5' end of the ORFB-coxIII locus in the fertile sunflower [22] (Fig. 3A) , we propose that a recombination event brought together the atpA and coxIII loci in the CMS3 line. If this is the case, another copy of the 265 bp repeat should be present 3' of the coxIII gene, beyond the end of the sequence we have determined in this work but this remains to be verified. It is interesting to note that a probe specific for the ORF873, which is normally present 3' of the atpA gene in the fertile line, does not hybridise to any restriction fragment in the CMS3 mtDNA. This suggest that after the DNA recombination events leading to the new mtDNA rearrangements found in CMS3 genome, the ORF873 is either absent or present at a very low level and therefore not detected in our southern blot analysis.
The novel rearrangement around the coxIII loci in CMS3 could have involved sequences responsible for transcript initiation of the ORFB-coxIII genes in CMS3 and thus affect the expression of these genes. In the CMS3 line we have shown that the atpA gene is not co-transcribed with the ORFB-coxIII genes as is observed in PET1 CMS with atpA and ORF522 [30] , however, ORFB is co-transcribed with the coxIII gene in the CMS3 line, as is also the case in the fertile line (Fig. 1B ) [35] . The fact that a larger coxIII transcript is detected in CMS3 compared to the fertile sunflower (Fig. 1B) probably results from an extention in the 3' region of the locus (Fig. 3B) . The diffuse pattern of this transcript, as compared to the corresponding transcript in fertile and PET1 CMS lines could be explained by either multiple transcription initiation and termination sites and/or by instability of the transcript. Further experiments are needed in order to distinguish between these different possibilities. In the CM S 3 line, several nucleotide substitutions, insertions and deletions were detected 3' to the coxIII gene compared to the fertile sunflower line. These alterations in the nucleotide sequence do not change the potential to form stem and loop structures, but minor changes in the secondary structure of the coxIII locus could be functionally important as these might play a role in gene expression [39] . As in the fertile line, a 417 nt chloroplast DNA insertion is located 3' to the coxIII gene (Fig. 3A) . Whether this sequence plays a role in the expression of the coxIII gene is not known. Our characterisation of the genomic rearrangements and expression of the ORFB-coxIII locus in the CMS3 line compared to the fertile line suggest that these rearrangements could modify expression of the gene in the CMS3 line and be causally related to the CMS phenotype.
Sequence analysis of the atp6 loci from both fertile and CMS3 lines revealed that the open reading frames encoding ATP6 varies extensively in size and could potentially encode a polypeptide of 301 amino acids in the fertile line and 437 amino acids in CMS3 (Figs. 4 and 5) . The open reading frames of the atp6 gene in both lines share a conserved core region of 252 amino acids and differ in the amino terminal region in that the ORF in the fertile line has an extension of 49 amino acids compared to an extension of 185 amino acids in the CMS3 line (Fig. 5) . The amino terminal extension in both lines show little similarities to each other. Comparison of the predicted ATP6 amino acid sequences from Viciafaba [28 ] , Brassica polima [42] , Oenothera [40] , tobacco [ 3 ] and radish [29] share the conserved core region of 252 amino acids (Fig. 5 ) but show diversity in the length of amino terminal and carboxy terminal extensions. The amino terminal extensions of higher plant ATP6 polypeptides predicted from DNA sequence data varies in length from 9 amino acids in radish to 129 amino acids in tobacco and the carboxy terminal extensions vary in length from zero in Brassica polima and radish to 45 amino acids in Oenothera. Although it has been suggested that the ATP6 polypeptides may contain presequences involved in membrane localisation [3] and proteolytic processing and maturation of the protein [31, 10] , the role of these sequences as well as the identity of amino acids 1829 required for correct processing are unknown. In yeast mitochondria, the ATP6 protein can tolerate amino acid substitutions at many positions without a significant loss of function [20] . Therefore it is not clear whether the extended form of the ATP6 protein predicted from the DNA sequence data in CMS3 would be correctly localised and processed and whether the amino terminal extension has any effect on the function of the protein.
It should be noted that although there are several examples of chimeric genes and pseudogenes in plant mitochondria [ 1, 8, 14, 38] , in most cases there is also an intact copy of the gene elsewhere in the genome. Interestingly, the CMS3 line contains only one copy of the atp6 gene, therefore this chimeric locus must encode a functional ATP6 protein. Other examples of altered single copy mitochondrial genes correlated with a male sterile phenotype are coxI in the 9E cytoplasm of sorghum [1] , atp6 in Ogura radish [29] and atp6, atp9 and coxH in CMS-C in maize [10] . Thus, we can speculate that a modified form of the ATP6 polypeptide in the CMS3 line may not impair the activity of the F1-ATP synthase complex during most stages of plant growth and development but fail to meet the demands associated with mitochondrial function during microsporogenesis.
A comparison of the proteins synthesised by mitochondria isolated from fertile, PET1 CMS and CMS3 lines showed that the CMS3 line does not synthesise the 15 kDa protein characteristic of the PET1 CMS line but does synthesise three weakly labelled polypeptides with molecular masses of ca. 14, 18 and 38 kDa not found in the other lines. The relationship of these polypeptides to the altered expression of the atp6 and coxIII loci described above has not been determined at this stage. The availability of a fertile restored CMS3 line will be extremely useful in establishing a correlation between our molecular data and the expression of the CMS phenotype. Very recently, restorer genes for the CMS3 line have been found in the wild species Helianthus annuus ssp. texanus (Iuoras, personal communication) and this will allow further investigation concerning the molecular basis of CMS in this newly characterised line. The identification and use of a novel CMS source in sunflower breeding, which is different from PET1 CMS, will increase the cytoplasmic genetic variability and reduce the potential risk of genetic vulnerability associated with the use of a single source of male-sterile cytoplasm.
